Opioid receptors are important drug targets for pain management, addiction, and mood disorders. Although substantial research on these important subtypes of G protein-coupled receptors has been conducted over the past two decades to discover ligands with higher specificity and diminished side effects, currently used opioid therapeutics remain suboptimal. Luckily, recent advances in structural biology of opioid receptors provide unprecedented insights into opioid receptor pharmacology and signaling. We review here a few recent studies that have used the crystal structures of opioid receptors as a basis for revealing mechanistic details of signal transduction mediated by these receptors, and for the purpose of drug discovery.
Introduction
Opioid receptors belong to the super-family of G-protein coupled receptors (GPCRs), which are by far the most abundant class of cell-surface receptors, and also the targets of about one-third of approved/marketed drugs (Vortherms and Roth, 2005) . Residing in different parts of the body (e.g., brain, spinal cord, digestive tract, etc.), opioid receptors are widely studied due to their crucial role in pain management (Pasternak, 2014) , drug abuse/addiction (Kreek et al., 2012) , and mood disorders (Lutz and Kieffer, 2013 ).
There are three major subtypes of opioid receptors: δ receptor, μ receptor, and κ receptor. These receptors are activated by endogenous peptides such as endomorphins, enkephalins, and dynorphins, but also by naturally occurring alkaloids and other semisynthetic and synthetic small-molecule ligands (McCurdy et al., 2003) . Although a fourth receptor subtype, i.e., the nociceptin opioid receptor (NOP receptor), is phylogenetically related to δ receptor, μ receptor, and κ receptor, it does not bind the same ligands.
In addition to their still unbeatable analgesic effects, opioid drugs are accompanied by a variety of undesirable side effects, including vomiting, nausea, constipation, tolerance, addiction etc. (Feng et al., 2012) . Thus, substantial drug discovery efforts have been devoted over the years to reduce the disadvantages of these drugs while retaining their therapeutic efficacy. In the absence of high-resolution crystal structures of opioid receptors until 2012, the majority of these efforts used ligand-based strategies, although some also resorted to rudimentary molecular models of the receptors based on relatively distant structural templates. Notwithstanding this substantial amount of work over the course of several years, safe and effective opioid ligands remain the holy grail of the pharmaceutical industry.
The recent advances in membrane protein crystallization , which enabled the determination of various highresolution crystal structures of GPCRs, including those of all four opioid receptor subtypes Granier et al., 2012; Manglik et al., 2012; Thompson et al., 2012; Wu et al., 2012 ) (see Fig. 1 ), marked the beginning of a new era in opioid research. By revealing important details of ligand-receptor interactions at the orthosteric binding site (i.e., the site at which endogenous opioid ligands bind), or allosteric sites (e.g., the much anticipated sodium binding site ), these structures evidently offer new opportunities for drug discovery at opioid receptors (Filizola and Devi, 2013) . Notably, comparison between the four opioid receptor crystal structures (Filizola and Devi, 2013 ) reveals common ligand-receptor interactions that may be responsible for the molecular recognition of classical opioid drugs. In contrast, the different ligand-receptor interactions that are mostly located at the extracellular side of the receptor may be responsible for the specificity of the ligands for a given receptor subtype. Among them are the interactions crystallographic ligands of μ receptor and δ receptor form with residues of the transmembrane (TM) helices TM6 and/or TM7, or those that the crystallographic ligands of κ receptor and NOP receptor form with TM2 and TM3 residues.
Additional, important details of opioid receptor binding and signaling were provided by the ultra-high resolution crystal structure of δ receptor , which only recently appeared in the literature. In particular, this structure revealed the presence of an allosteric binding site occupied by sodium, which had been suggested to serve as an allosteric modulator of opioid receptors for quite some time , and was recently found in ultra-high resolution crystal structures of other GPCRs Liu et al., 2012) . In all these ultra-high resolution crystal structures, this ion is located near the conserved D2.50 residue, which is about 10 Å below the D3.32 residue that interacts with several orthosteric ligands of GPCRs, including classical opioid ligands (note that all the residues mentioned in this manuscript are numbered according to the Ballesteros-Weinstein generic numbering scheme (Ballesteros and Weinstein, 1995) ).
Although a detailed knowledge of the crystal structures of opioid receptors provides a new dimension for structure-guided drug discovery efforts, the realizations that these receptors are rather dynamic systems and that several opioid ligands can activate multiple signaling pathways add another level of complexity to an already complicated problem. Various cases of so-called functional selectivity or biased agonism, primarily through G i/o or arrestin, have been reported in the literature for all major opioid receptors (e.g., see (Luttrell, 2014; Thompson et al., 2014 Thompson et al., , 2015 Violin et al., 2014) for recent reviews). This selectivity in opioid receptor signaling and function may be achieved through (i) conformational preferences induced by ligands with different efficacies binding at the orthosteric site and inducing coupling of With the exception of opioid receptors, which are colored in red, all the others are depicted in silver. Rhodopsin, Secretin, Glutamate, and Frizzled subfamilies of receptors are indicated with purple, cyan, green, and magenta colors, respectively. PDB IDs of the crystal structures are included in parenthesis after each protein name. Specifically, the reported crystal structures are (in chronological order): rhodopsin (1F88 (Palczewski et al., 2000) ), β 2 Adrenergic (2RH1 (Cherezov et al., 2007) ), β 1 Adrenergic (2VT4 (Warne et al., 2008) ), Adenosine A 2A (3EML (Jaakola et al., 2008) ), Chemokine CXCR4 (3ODU (Wu et al., 2010) ), Dopamine D 3 (3PBL ), Histamine H 1 (3RZE (Shimamura et al., 2011) ), Sphingosine-1-phosphate receptor 1 (3V2Y ), M2 Muscarinic (3UON (Haga et al., 2012) ), M3 Muscarinic (4DAJ ), Neurotensin NTSR1 (4GRV (White et al., 2012) ), μ receptor (4DKL ), δ receptor (4EJ4 ), κ receptor (4DJH ), NOP receptor (4EA3 ), Protease activated receptor 1 (3VW7 ), 5HT 1B (4IAR (Wang et al., 2013a) ), 5HT 2B (4IB4 ), SMO (4JKV (Wang et al., 2013b) ), Glucagon (4L6R ), CRF1R (4K5Y (Hollenstein et al., 2013) ), Chemokine CCR5 (4MBS (Tan et al., 2013) ), mGluR1 (4OR2 ), P2Y12 (4NTJ (Zhang et al., 2014) ), mGluR 5 (4OO9 (Dore et al., 2014) ), GPR40/FFAR1 (4PHU (Srivastava et al., 2014) ), and Orexin OX2R (4S0V (Yin et al., 2014) ).
an intracellular protein over another, (ii) bias in the downstream functional outcome, (iii) allosteric modulation of the efficacy of orthosteric ligands, and/or (iv) dimerization/oligomerization of opioid receptors among themselves or with other GPCRs (e.g., see (Fujita et al., 2014) for a recent review). Based on recently reported examples (e.g., see DeWire et al., 2013; Soergel et al., 2014a Soergel et al., , , 2014b ), it appears that developing biased opioid ligands for one intracellular signaling pathway or another may provide a more effective route to analgesics with reduced side effects.
We summarize here a few studies that have been inspired by the new structural information available for opioid receptors, and their impact on both a mechanistic understanding of opioid receptor function and rational drug discovery.
2. Structure-based drug design at the orthosteric site using opioid receptor crystal structures
Compared to the shallow pockets of many soluble proteins, the more buried orthosteric binding pockets of GPCRs appear to be particularly well suited to small-molecule docking for the purpose of rational drug discovery. Additionally, chemical libraries that are typically used for virtual screening contain many GPCR binders because of the special attention GPCRs have received from medicinal chemists over the years. Thus, not surprisingly, various structure-based drug design campaigns carried out in recent years using currently available crystal structures of GPCRs have resulted in both the discovery of novel chemical scaffolds, and the optimization of lead candidates (e.g., see (Jacobson, 2013; Kooistra et al., 2014; Shoichet and Kobilka, 2012) for recent reviews).
The new crystal structures of opioid receptors bear no exception. In fact, a few examples have already appeared in the literature in which crystal structures of opioid receptors have successfully been used to provide retrospective models of the binding of known opioid ligands to their receptors (e.g., see (MartinezMayorga et al., 2013; Wu et al., 2012) ) or to identify novel chemical scaffolds binding at the orthosteric site from virtual screening (e.g., see (Negri et al., 2013) ). These examples mostly refer to κ receptor, whose ligands may play a significant role in pain management, anxiety, depression, stress, and psychotic behavior without activating the reward pathway (Vanderah, 2010; Wang et al., 2010) .
A number of investigators have used various computational tools, including molecular docking, molecular dynamics (MD), free-energy perturbations, and ab initio calculations (e.g., see (Goldfeld et al., 2015; Leonis et al., 2014; Martinez-Mayorga et al., 2013; Polepally et al., 2014; Vardy et al., 2013; Wu et al., 2012) ) to provide a molecular description of both the binding and function of selective κ receptor ligands at the κ receptor crystal structure, in relation to the crystallographic binding pose of the highly selective antagonist JDTic ((3R) . For instance, comparison of the predicted poses of the κ receptor selective morphine-based antagonists nor-binaltorphimine (nor-BNI) and 5′-guanidinonaltrindole (GNTI) with the crystallographic pose of JDTic emphasized the role of κ receptor residues V2.53 (A in m and δ receptors), V2.63 (N in m receptor and K in δ receptor), I6.55 (V in m and δ receptors), and Y7.35 (W in m receptor and L in δ receptor) as molecular determinants of the binding selectivity of JDTic for κ receptor . In contrast, E6.58 appeared to be the only κ receptor residue that most likely confers κ receptor selectivity to nor-BNI and 5′-GNTI. Docking studies of κ receptor selective agonists representing four different chemotypes, including a peptide (dynorphin A), an arylacetamide (U-69593), a non-nitrogenous diterpene (salvinorin A), and an octahydroisoquinolinone carboxamide (1xx), inspired functional assays on mutants at eighteen positions of the putative agonist binding site within the κ receptor crystal structure. Analysis of the experimental data indicated differential effects of the mutated residues on binding and function . For instance, the D3.32A mutation dramatically decreased the affinity of the basic amine-containing agonists dynorphin A and U-69593, but not that much the affinity of the non-basic compounds 1xx and salvinorin A. Similarly, D3.32N decreased the affinity of dynorphin A and U-69593, but caused an increase in both the affinity and potency of compounds 1xx and salvinorin A. Notably, some mutations (e.g., at Y3.33, M3.36, Y7.43, Y7.35, and K5.39) appeared to affect function more than binding, and were suggested to be directly involved, along with crystallographic water molecules, in signal transduction propagated through specific conformational changes in the receptor . The role of the water structure within the κ receptor active site was also emphasized in another recent study motivated by the apparent failure of two established scoring functions (Glide SP and Glide XP) to effectively distinguish between κ receptor binders and decoys (Goldfeld et al., 2015) . This observation prompted the development of a new empirical scoring function, WScore, to assess interactions between ligands and water molecules at an active site.
The κ receptor crystal structure was also recently used to rationalize the binding of several different derivatives of the selective non-nitrogenous diterpene κ receptor agonist salvinorin A , including 22-thiocyanatosalvinorin A (RB-64) . A model of the latter was based on previous experimental evidence suggesting that the agonist 2-acetoxy moiety forms an irreversible, covalent bond with the κ receptor residue C7.38. According to this docking hypothesis, the fused tricyclic scaffold of salvinorin A is oriented towards TM2, while the C-2 acetoxy group of the ligand is accommodated in a pocket surrounded by residues D3.32, Y3.33 and M3.36. Different was the case for the recently synthesized series of salvinorin A derivatives containing potentially reactive Michael acceptor functional groups at the C-2 position , which cannot form an irreversible bond with C7.38. While the predicted binding was somehow similar to that of salvinorin A, the bulky substitutions at the C-2 position could not be accommodated in the same pocket, and led to a decreased affinity of the ligands for κ receptor. Notably, the polarity introduced by a substitution with a heterocyclic nitrogen atom made the ligand loose affinity for the κ receptor while gaining it at the m receptor. A possible explanation for this κ/m receptor selectivity is that the ligand adopts an alternative binding mode in the m receptor stabilized by an interaction with the non-conserved residue N2.63 (V in κ receptor and K in δ receptor) . MD simulations, free energy, and ab initio calculations of the κ receptor crystal structure in complex with salvinorin A or JDTic showed that the ligands are stabilized within the binding pocket through interactions with different residues (Leonis et al., 2014) .
In addition to provide insights into the molecular determinants required for ligand binding to opioid receptors, the high-resolution crystal structures of these receptors can be used in virtual screening campaigns to identify novel compounds. To the best of our knowledge, to date, ours is the only published example of a virtual screening performed using the crystal structure of an opioid receptor that led to the identification of novel ligands.
Specifically, using the κ receptor crystal structure, we screened in silico over 4.5 million "lead-like" small molecules from the ZINC database (Negri et al., 2013) at the crystallographic orthosteric site of the receptor. Following a series of criteria, including novelty, interaction with κ receptor residues that are different from m and δ receptors, and limited flexibility, we purchased 22 small molecules for experimental testing. Although the used κ receptor crystal structure corresponds to an inactive conformation of the receptor, we identified a selective, κ receptor agonist in this study. As this compound does not resemble the chemotype of a classical opioid ligand, there is every expectation that it may be developed into improved medications. To this end, additional, collaborative studies are ongoing in our lab.
3. Allosteric modulators of the binding and/or signaling efficacy of opioid receptor orthosteric ligands Limiting the search for novel opioid receptor ligands to the orthosteric site may not be the best strategy to achieve drug selectivity because of the evolutionary pressure orthosteric sites face to accommodate endogenous ligands. Targeting allosteric sites on the receptor, i.e., sites that are topographically different from those recognizing endogenous ligands, and therefore less conserved in their amino acid sequences, represents an attractive alternative to achieve greater selectivity. Allosteric modulators of GPCRs range from small organic molecules or peptides, to ions and lipids (Christopoulos, 2014) . They can bind at the receptor extracellular side, inside the TM helical bundle, or even at the intracellular part of the receptor (Shukla, 2014) . Based on the positive (i.e., increase), negative (i.e., decrease), or neutral effect they have on the affinity and/or efficacy of the orthosteric ligand, allosteric modulators of GPCRs are termed positive allosteric modulators (PAMs), negative allosteric modulators (NAMs), or silent allosteric modulators (SAMs), respectively. The latter do not have any effect on the affinity and/or efficacy of the orthosteric ligand, yet they share the same allosteric binding pocket of, and therefore can compete with, PAMs or NAMs. Whichever the effect induced by the allosteric modulator, its magnitude and/or direction strongly depend on the orthosteric ligand that is used to probe receptor function, according to a phenomenon that has been termed in the literature 'probe dependence' (e.g., see Christopoulos, 2014) . This is one of the reasons that make allosteric modulators standout candidates for drug discovery, alongside their possibly improved selectivity, their maintenance of the temporal and spatial characteristics of endogenous signals, their potential for biased signaling, and their possibly reduced on-target overdosing risks given that their effect is limited to ligand cooperativity.
Like other GPCRs , allosteric modulators of opioid receptors can be as small as ions. As early as in the 1970s Pert et al., 1973; Preininger et al., 2013) , physiological concentrations of sodium were shown to decrease the binding of agonists, but not antagonists, to the opioid receptors (e.g., see (Pasternak and Pan, 2013) ). Notably, manganese ions restored full agonist binding to μ receptor in the presence of sodium, but did not have any effect on the binding of antagonists . That an ion actually binds to an opioid receptor was demonstrated for the first time unambiguously by the very recent ultra-high resolution crystallographic structure of δ receptor (PDB: 4N6H ). This structure revealed a sodium ion forming a salt bridge with the GPCR family A conserved residue D2.50, as well as additional polar interactions with two water molecules and receptor side chains S3.39 and N3.35. Notably, site-directed mutagenesis and functional studies of mutants of these sodium-coordinating residues revealed that they act as 'efficacy switches' at the δ receptor as they either augmented constitutive β-arrestin-mediated signaling or transformed classical δ receptor antagonists (e.g., naltrindole) into potent β-arrestin-biased agonists .
To provide mechanistic detail into the sodium control of opioid receptor binding and signaling, we recently carried out extensive all-atom MD simulations to explore the dynamic nature of sodium binding to the crystal structures of δ, μ, and κ receptors (Shang et al., 2014) in an explicit lipid-water environment. According to these simulations, sodium enters all three opioid receptors exclusively from the extracellular side, and within a few hundred nanoseconds it forms a stable coordination with the residues seen crystallographically , passing through the orthosteric site. Another recent MD study of the μ receptor crystal structure ) also concluded that sodium enters preferentially from the extracellular side, and it binds to the crystallographic site defined by residue D2.50. In our simulations, the experimentally-observed inhibition of agonist binding by sodium was attributed to the extended hydrogen bond network that puts into communication the orthosteric and allosteric sites, and contributes to the stability of an inactive conformation of the receptor (Shang et al., 2014) . Using random accelerated molecular dynamics, we also predicted possible egress pathways of the ion from the receptor, which included both extracellular and intracellular pathways (Shang et al., 2014) .
Recent high-throughput screening campaigns using a β-arrestin recruitment assay have successfully identified small-molecule allosteric modulators of μ and δ receptors (Burford et al., 2013 (Burford et al., , 2014a (Burford et al., , 2014b . Further characterization of these compounds using additional functional assays, such as adenylyl cyclase activity inhibition and G protein activation, confirmed these ligands as μ-receptor-selective PAMs. Further studies are ongoing in our lab to predict the energetically preferred binding poses of these ligands at putative allosteric binding pockets within the μ receptor crystallographic structure. Fig. 2 provides a preliminary idea of binding pockets within the crystal structures of the major δ, μ, and κ receptor subtypes as assessed by FTMAP (Brenke et al., 2009) , an efficient Fast Fourier Transform correlation approach that allows to sample billions of probe positions on a protein, and to predict 'hot spots' or putative binding pockets for small molecules based on the common location of several probe clusters. Specifically, 8-10 probe clusters are identified by FTMAP for the different receptor subtypes we studied, ranging from 1 to 28 probes per cluster. Notably, the majority of probe clusters nicely overlaps with the crystallographic ligands, and at least three main pockets are identified by FTMAP in the extracellular region of the receptors. These correspond to the orthosteric site of morphinans surrounded by helices TM3, TM5, TM6, and TM7 (site 1 in Fig. 2) , its extension between TM2 and TM3 as revealed by the JDTic-bound κ receptor crystal structure (site 2 in Fig. 2) , and a third pocket delimited by TM1, TM2, and TM7 (site 3 in Fig. 2) . The latter two sites are likely to correspond to allosteric sites for some ligands, or may even represent pockets for metastable states along the ligand binding pathway.
Functional selectivity at opioid receptors
The concept of functional selectivity or biased GPCR signaling (e.g., see (Shonberg et al., 2014; Violin et al., 2014) for recent reviews) has changed the traditional two-state model of receptor activation in that multiple conformations are assumed to be differentially stabilized by ligands with different efficacy as a prerequisite to activating G protein-dependent or independent (e.g., through β-arrestin) signaling pathways, thus resulting in beneficial or adverse effects. This appears to be also the case for opioid receptors (e.g., see (Raehal and Bohn, 2014; Raehal et al., 2011; Thompson et al., 2015; Williams et al., 2013) ), where morphine was the first ligand to be shown (a) to function as a weak internalizer notwithstanding its efficacy in mediating G protein activation Sternini et al., 1996) , and (b) to exert enhanced analgesia and reduced respiratory depression and constipation in a β-arrestin2 knockout mouse (Raehal et al., 2005 ).
These observations prompted additional studies to identify functionally selective opioid receptor ligands, and to understand which signaling pathway(s) regulated their beneficial and adverse effects.
For instance, recent evidence suggests that while κ receptor agonists may in principle be developed into effective analgesics without a high abuse potential, their often associated dysphoria (Land et al., 2009 ), a side effect that has been suggested to be related to the activation of the arrestin pathway (Chavkin, 2011) , limits their clinical development. Taken together, these results suggest that biased opioid ligands towards the G-protein pathway and away from the β-arrestin pathway may hold greater potential as future opioid receptor therapeutics (Raehal and Bohn, 2014) . Thus, data from studies that attempt to quantify biased agonism at opioid receptors (e.g. see (Frolich et al., 2011; McPherson et al., 2010; Molinari et al., 2010; Rivero et al., 2012; White et al., 2014; Zhou et al., 2013) ), especially in the context of tissues, organs, and the whole animal (Zhou and Bohn, 2014) , are in high demand (Thompson et al., 2015) .
Among the most recently characterized chemical scaffolds with a range of signaling bias in vitro are several κ receptor agonists (e.g., see (White et al., 2014; Zhou et al., 2013) ). These compounds range from endogenous peptides and diterpene scaffolds, which are all G-protein biased, to arylacetamide compounds which are both G-protein and β-arrestin biased ligands (White et al., 2014) , to triazole and isoquinoline analogs, which preferentially activate the G protein pathway with minimal effects on β2-arrestin recruitment ). It will be of great interest to see whether simple information from docking of these compounds to the crystal structure of κ receptor is sufficient to identify the key molecular determinants that are responsible for functional selectivity at the G-protein or β-arrestin signaling pathway. A complete understanding of the conformational changes in the receptor induced by the two sets of differently biased ligands may be necessary to elucidate functional selectivity at opioid receptors. That conformational plasticity may be an important contributor of functional selectivity is not surprising. Like other GPCRs, opioid receptors are intrinsically flexible molecules, and the mechanistic properties of their crystal structures have been recently investigated by MD simulations at the sub-microsecond and microsecond time scales (e.g., see (Fossepre et al., 2014; Shang et al., 2014; Shim et al., 2013) ). Simulations of the ligand-free form of μ receptor in a simplified membrane model (Fossepre et al., 2014) drew attention to both the plasticity of the receptor binding site and correlated motions between the intra-and extra-cellular regions of the receptor notwithstanding a certain rigidity of the central part of the receptor. Additional MD simulations of the μ receptor crystal structure in complex with three agonists, three antagonists, and a partial agonist, and on the constitutively active T6.34K mutant (Shim et al., 2013) showed a differential involvement of D3.32 in direct interaction with the basic nitrogen of agonists compared to antagonists. These simulations also drew attention to differences in the conformational properties of the intracellular region of the receptor when bound to agonists or antagonists. Further studies are necessary to understand how biased agonists affect the conformation properties of the receptor, and what conformation(s) they preferentially stabilize.
Notwithstanding the number of known biased agonists of opioid receptors and the interest in understanding their effect on the conformational plasticity of the receptor, there is no indication for the majority of these compounds that they may result in improved therapeutics. The G protein-biased m receptor ligand TRV130 [(3-methoxythiophen-2-yl)methyl]({2-[(9R)-9-(pyridin-2-yl)-6-oxaspiro[4.5]decan-9-yl]ethyl}amine) DeWire et al., 2013) represents an exception as it was recently demonstrated to be an improved analgesic with reduced side effects (i.e., respiratory suppression and nausea) compared to morphine (Soergel et al., 2014a (Soergel et al., , 2014b as it entered Phase II of drug development. Given its potential clinical relevance, a thorough understanding of the molecular basis of the TRV-130 action is highly desirable, and the availability of the m receptor crystal structure offers an unprecedented opportunity to advance knowledge in that direction.
Opioid receptor dimerization
Like for other GPCRs, the possibility that opioid receptors form physiologically relevant dimers/oligomers has been suggested more than once (e.g., see (Ferre et al., 2014) for a recent review), notwithstanding the still active fierce debate that exists on the topic of oligomerization of family A GPCRs (e.g., see Bouvier and Hebert, 2014a, b; Lambert and Javitch, 2014a, b) . The several recent crystal structures that show interacting parallel receptors in the crystal unit cell (Fig. 3) have been used as an argument in favor of GPCR dimerization, although the possibility exists that these are crystallographic artifacts and/or they do not necessarily represent physiologically relevant interfaces.
Two of the five available opioid receptor crystal structures Granier et al., 2012; Manglik et al., 2012; Thompson et al., 2012; Wu et al., 2012) , specifically the structures of μ and κ receptors, also reveal parallel arrangements of interacting receptors. As shown in Fig. 3 , these correspond to two different interfaces in the case of μ receptor, one of which is also seen in the κ receptor crystal structure. Specifically, the interface that is unique to the μ receptor (herein called the TM5,6/TM5,6 interface) is made of symmetric interactions between TM5 and TM6 helices. The other interface that is common to both μ and κ receptors (herein called the TM1,2, H8/TM1,2,H8 interface), although slightly different between the two, involves TM1, TM2, and helix 8 (H8). Notably, biochemical experiments suggested the involvement of TM1 (He et al., 2011) , as well as TM4/TM5 (Johnston et al., 2011) , or the carboxyl tail and the intracellular loop 3 in the dimerization of opioid receptors (O'Dowd et al., 2012) .
To investigate the relative stability of the μ and κ receptor crystallographic interfaces in an explicit lipid-water environment, and in the absence of the T4L replacing the intracellular loop 3 in the crystal structure, we recently carried out umbrella sampling MD simulations of coarse-grained representations of the opioid receptor crystallographic dimers (Johnston and Filizola, 2014) . We found that these interfaces are indeed viable dimeric configurations in an explicit membrane environment, as they appear to be in general, quite stable from a thermodynamic view point. Whether or not these interfaces are more kinetically favorable than others, and would occur in vivo remains to be assessed. To facilitate experimental testing, our studies provide specific testable hypotheses of residues that, if mutated, might either increase or decrease the strength of opioid receptor dimerization (Johnston and Filizola, 2014) . Fig. 3 . Putative dimer interfaces inferred by existing GPCR crystal structures. Protein name and interface type are reported under each dimeric structure. PDB ID and interface area are included in parenthesis. Dimers are boxed (gray color) according to interface type. Opioid receptors are indicated by a red rounded rectangle, as well as red text. The interface area between protomers was calculated using the PISA web server (Krissinel and Henrick, 2007) . All non-receptor atoms were excluded from this calculation.
